Apicomplexans use the endolysosomal system for the biogenesis of their secretory organelles, namely, micronemes, rhoptries, and dense granules. In Toxoplasma gondii, our previous in silico search identified the HOPS tethering but not the CORVET complex and demonstrated a role of Vps11 (a common component for both complexes) in its secretory organelle biogenesis. Herein, we performed Vps11-GFP-Trap pull-down assays and identified by proteomic analysis, not only the CORVET-specific subunit Vps8 but also a BEACH domain-containing protein (BDCP) conserved in eukaryotes. 
protein sorting 9 (Vps9), syntaxin 6 (Stx6, a parasite SNARE homologue), retromer complex, and the adaptor protein 1 complex (AP1) Lebrun, & Daher, 2015; Pieperhoff, Schmitt, Ferguson, & Meissner, 2013; Sakura et al., 2016; Sangare et al., 2016; Sloves et al., 2012; Venugopal et al., 2017) . Disruption of any of these proteins or complexes leads to parasites deprived of secretory organelles and a mistargeting of GRA, ROP, RON, and MIC proteins to the surface of the parasites, vacuolar space, the residual body, or to the host cell cytoplasm. These results show that T. gondii parasites have repurposed the classical endocytic trafficking regulators of the endolysosomal system to build the parasite secretory organelles and to traffic their contents. However, how vesicles containing proteins of the various secretory organelles are sequentially transported, to the different compartments, and how the processes of fusion, fission, and membrane recycling occur throughout the miniscule parasite endomembrane system remain enigmatic.
Membranous fusion within the endolysosomal system depends on Rab-GTPases; these mediate the first contact, and then, membraneembedded SNAREs drive bilayer fusion (Bonifacino & Glick, 2004; Mima, Hickey, Xu, Jun, & Wickner, 2008; Ostrowicz, Meiringer, & Ungermann, 2008; Ren et al., 2009; Sudhof & Rothman, 2009) . Two tethering complexes termed CORVET (class C core vacuole/endosome tethering) and HOPS (homotypic fusion and vacuole protein sorting) have been described (Nickerson, Brett, & Merz, 2009; Peplowska, Markgraf, Ostrowicz, Bange, & Ungermann, 2007; Seals, Eitzen, Margolis, Wickner, & Price, 2000) . These complexes are essential for early-to-late endosome transition, lysosome biogenesis, and endolysosomal trafficking pathways (Ostrowicz et al., 2010; Solinger & Spang, 2013) . Whereas CORVET is associated with early endosomes, HOPS is known to be associated with late endosomes and lysosomes/vacuole (Spang, 2016) . In general, the CORVET and HOPS complexes contain four common subunits (Vps11, Vps18, Vps16, and Vps33; Figure 1 ). Studies on different organisms demonstrate these subunits associate with different components. For instance in yeast, the CORVET complex contains two specific subunits called Vps8 and Vps3, whereas in mammalian cells, only Vps8 is conserved, and Vps3 is replaced by TGFBRAP1 (Figure 1a ; Balderhaar & Ungermann, 2013; van der Kant et al., 2015) . In Drosophila, the CORVET complex is composed of only four subunits (Vps16, Vps18, Vps8, and Vps33; Figure 1a ; Lorincz et al., 2016) . In contrast, the composition of the HOPS complex remains the same in yeast and mammals and has only two specific subunits (Vps39 and Vps41; Figure 1b ; Balderhaar & Ungermann, 2013) . In mammals, an additional protein called RILP (Rab-interacting lysosomal protein) interacts with Vps11 and Vps41 and make the link between HOPS and Rab7 (Figure 1b; van der Kant et al., 2015) . In the ciliate Tetrahymena thermophila, the HOPS-specific subunits Vps39 and Vps41 are missing, and most surprisingly, the CORVET-specific subunits like Vps8 were amplified to compensate for the lack of the HOPS complex and acquired the unexpected ability to bind to the Rab7 late endosome marker ( Figure 1a ; Sparvoli et al., 2018) . In T. gondii, an in silico search allowed us to identify only the HOPS complex, whereas the CORVET complex-specific subunits Vps3 and Vps8 were absent (Morlon-Guyot et al., 2015) , suggesting a situation opposite to Tetrahymena, a closer organism within the superphylum of Alveolates. In T. gondii, we showed that removal of the Vps11 subunit affected the biogenesis of the parasite's three secretory organelles (Morlon-Guyot et al., 2015). In T. gondii, it has been shown that Vps9 is crucial for sorting of proteins destined to secretory organelles (Morlon-Guyot et al., 2015; Sakura et al., 2016) . Vps9 has a guanine nucleotide exchange factor (GEF) activity towards Rab5a, pointing to the existence of a CORVET complex in Toxoplasma and prompted us to identify the Vps11 interaction network in this parasite. In this study, we used the GFP-Trap pull-down strategy and uncovered the two HOPS-specific subunits (Vps39 and Vps41) and the four common subunits between CORVET and HOPS (Vps11, Vps18, Vps16, and Vps33) . Interestingly, we isolated a protein sharing low similarity to the specific subunit of CORVET (Vps8) and a BEACH domaincontaining protein (BDCP), both playing an essential role within the parasite exocytic pathways. In contrast to Vps8 mutant where a general block in the biogenesis of dense granules, micronemes, rhoptry, and VAC was obtained, BDCP shows a more restricted function and intervenes solely in the biogenesis of both rhoptries and VAC.
2 | RESULTS
| Discovery of new subunits associated to CORVET and HOPS in T. gondii
To uncover the components of the CORVET and HOPS in T. gondii, we performed GFP-Trap pull-down experiments using anti-GFP antibodies on Vps11-GFP knock-in parasite lysate followed by mass spectrometry identification of the immunoprecipitated proteins (from two independent experiments; Figures 2a and S1a,b and Table 1 ). An anti-GFP immunoprecipitation on protein extracts from the parental strain expressing the GFP protein alone was used as control. After several washes, one fifth of each eluate was subjected to SDS-PAGE and silver staining (Figure 2a ). Few proteins bound to GFP or to Vps11-GFP-coated beads. Both samples showed a very different profile ( Figure 2a ). For mass spectrometry analysis, we selected the proteins identified in both experiments but not in the control strain (Table 1 ). All the common proteins identified in one of the two experiments and in the negative control or absent from the control but found in one out of two experiments were excluded (Table S1 ). Our results revealed that Vps11 was reproducibly associated with the five other subunits (Vps39, Vps18, Vps16, Vps33, and Vps41; Table 1) confirming the formation of a conventional HOPS complex in T. gondii (Balderhaar & Ungermann, 2013; Brocker et al., 2012) . Interestingly, the results revealed >6 unique peptides that match the amino acid sequence of Vps9 domain-containing protein (Vps9-DCP, a putative guanine exchange factor known to interact with Rab5) and also >10 unique peptides that match a protein (TGME49_289520) with low similarity to the CORVET-specific subunit Vps8. TGME49_289520 is a large protein of 3307 amino acids and possesses only conservation with the C-terminal RING domain, which, in yeast, functions as a E3 FIGURE 1 (a and b) Models depicting the compositions of CORVET and HOPS complexes in yeast, mammalian cells, Drosophila, and Tetrahymena. Common subunits coloured green, violets, and blues are specific to CORVET and HOPS, respectively. Classically, the CORVET complex binds to Rab5 on early endosomes, whereas the HOPS complex via Rab7 is associated with late endosomes. In mammalian cells, the CORVET complex is maintained by TGFBRAP1, which interacts with Vps11 and prevents its association with RILP known to bind Rab7. The conversion of CORVET to HOPS complex from Rab5 to Rab7 during endosomal maturation occurs when both TGFBRAP1 and Vps8 are replaced by Vps39 and Vps41, respectively. RILP interacts with Vps41, Vps39, Vps11, and Rab7 proteins. In Drosophila, the unconventional CORVET complex is composed of only four subunits. Tetrahymena expresses only a CORVET complex, and surprisingly, Vps8a binds to Rab7. RILP: Rabinteracting lysosomal protein; TGFBRAP1: transforming growth factor-β receptor-associated protein 1 ubiquitin ligase and is believed to regulate the fusion events at the vacuole, most likely through binding interactions with other fusion factors ( Figure S2a ; Budhidarmo, Nakatani, & Day, 2012; Hunter, Scourfield, Emmott, & Graham, 2017; Plemel et al., 2011) . The presence of this Vps8-like protein suggests that the CORVET complex is present in Toxoplasma. We found also one to five unique peptides that are present in the amino acid sequence of a putative BDCP conserved in yeast and mammals and described to contribute to membrane fusion and fission events within the lysosomal system.
The name "BEACH" domain was originally identified as a conserved region of proteins, whose mutations were responsible of murine disorder (BEige) and human Chédiak-Higashi syndrome (Barbosa et al., 1996; Nagle et al., 1996) . Most BDCPs are large proteins, and their BEACH domain is located downstream a PH-like domain and upstream one or more WD40 domain(s). In addition to the BEACH domain, T. gondii BDCP exhibits also a PH domain and three WD40 motifs ( Figure S2a ).
Finally, one unique peptide in each pull-down was identified for a coccidian hypothetical protein (TGME49_313340). We then assessed the phenotypic scores of the identified proteins (Table 1 ; Morlon-FIGURE 2 TgBDCP and TgVps8 belong to the interaction network of CORVET and HOPS tethering complexes. (a) Silver-stained gel showing several bands that were detected after immunoprecipitation using anti-GFP antibodies. Parasite strain stably expressing GFP was used as negative control. Both eluates from GFP and Vps11-GFP beads were subjected to mass spectrometry analysis. Mass spectrometry results are listed in Tables 1 and S1 . (b) The endogenous proteins TgBDCP or TgVps8 and TgVps11 were fused to a GFP and 3-HA tags, respectively (two first lines). GFP protein alone and the native TgVps11 protein fused to 3-HA tags were used as negative control (third line). Pull-down experiments were carried out using the GFP-Trap system. Proteins that bind to GFP or to TgVps11-GFP were eluted and subjected to western blot analysis with anti-GFP (left lanes) and anti-HA (right lanes) antibodies. (c and d) Co-staining between GFP-tagged TgBDCP and TgVps8 and endomembrane marker TgVps11. TgBDCP-GFP or TgVps8-GFP and TgVps11-HA 3 were detected using anti-GFP and anti-HA antibodies, respectively. DIC: differential interference contrast. (e) Immunofluorescence assays of TgBDCP-HA 3 or TgVps8-HA 3 in intracellular vps11i parasites grown without or in the presence of ATc for 2 days. TgBDCP-HA 3 and TgVps8-HA 3 were detected using anti-HA antibodies Guyot et al., 2015; Sidik et al., 2016) . The scores show that all Toxoplasma HOPS-or CORVET-like proteins are essential (Vps39, Vps11, Vps18, Vps16, Vps33, Vps8, and Vps41), whereas Vps9-DCP, BDCP, and TGME49_313340 are seemingly important for parasite fitness in vitro. Collectively, these data indicate that a functional CORVET and HOPS complexes are present and important in T. gondii and that novel uncharacterized proteins might also contribute to the endolysosomal trafficking in Toxoplasma.
2.2 | BDCP and Vps8 are associated to the complex formed by Vps11 and localize to the endomembrane system in T. gondii
We identified BDCP and Vps8 as two proteins belonging to the interaction network of the Vps11 protein by mass spectrometry. To validate these data, we carried out a reverse GFP-Trap pull-down approach. We first generated double knock-in parasites expressing both BDCP-GFP and Vps11-HA 3 or proteins under the control of their endogenous promoters (Figure S1a, b) . As negative control, we generated a strain that expresses both the native Vps11-HA 3 and a GFP protein. To verify the interaction between BDCP-GFP or Vps8-GFP and Vps11-HA 3 , we performed an immunoprecipitation on double knock-in BDCP-GFP/Vps11-HA 3 or Vps8-GFP/Vps11-HA 3 parasites, using the GFPTrap pull-down strategy. Subsequent western blot analysis using anti-GFP or anti-HA antibodies revealed the presence of BDCP-GFP, Vps8-GFP, and monomeric and dimeric GFP in the eluted fractions (Figure 2b, left) . Importantly, a single band at the appropriate size of Vps11-HA 3 was specifically pulled down with BDCP-GFP and Vps8-GFP but not with GFP alone (Figure 2b, right) . These results confirm the interaction between the Vps11 protein with Vps8 and BDCP.
The association of BDCP and Vps8 with CORVET/HOPS tethering complexes led us to characterize the localization of both GFP-fused proteins with the endogenous Vps11-HA 3 protein and to study their localizations fate in Vps11-depleted parasites ( Figure S1c shows the strategy used to fuse the corresponding proteins with 3-HA tags). Anti-GFP antibodies showed a typical endomembrane staining for both BDCP-GFP and Vps8-GFP proteins (Figure 2c,d ).
As expected, colocalization experiments between the endomembrane protein Vps11-HA 3 and the BDCP-GFP or Vps8-GFP proteins highlighted a significant overlap between both labelling ( Figure 2c Kremer et al., 2013; Morlon-Guyot et al., 2015; Parussini et al., 2010; Pelletier et al., 2002) . In contrast, TgBDCP-HA 3 did not colocalize with immature micronemes (pro-M2AP), or with late endosomes (DD-Myc-Rab7) (Figure 3a ,c; Kremer et al., 2013; Morlon-Guyot et al., 2015) . Similarly, TgVps8-HA 3 did not colocalize with DD-Myc-Rab7 but strongly concentrates and colocalizes with the DD-Myc-Rab5B marker, which occupies a delimited space of the endosome-like compartment (Figure 3b ,c; Kremer et al., 2013) .
In summary, TgBDCP and TgVps8 occupy restricted areas of the parasite endomembrane system and associate with a Rab5-decorated subcompartment known to assemble with CORVET in most organisms.
| T. gondii BDCP and Vps8 proteins are essential for parasite survival
To investigate the functions of TgVps8 and TgBDCP, a conditional knock-down strategy was attempted in the TATi1-ku80ko strain, using the tetracycline-based transactivator system previously developed for T. gondii ( Figure S3a The plasma membrane and the inner membrane complex are shown in black, the nucleus is pink, the early exocytic pathway (ER and Golgi) in maroon and blue, the endocytic system (Rab5 [EE], Rab7 [LE] , and vacuolar compartment) in green and light yellow, and the late exocytic system (pro-rhoptry, pro-microneme, micronemes, and rhoptries) in different types of blue and yellow Mercereau-Puijalon, Sadak, et al., 1991; Brydges et al., 2006; Lamarque et al., 2014) . We clearly show that TgBDCP is not involved in the biogenesis of dense granules, pre-rhoptries, and micronemes, because markers for these compartments were not affected in the absence of the protein ( Figure S6 ). In contrast, immunofluorescence analysis of TgBDCP-depleted intracellular tachyzoites, stained with ARO, revealed dramatic changes in rhoptry labelling compared with that of parental tachyzoites ( Figure 4a ). Visually, the staining of ARO looked abnormal, starting at the apical pole, as in wild-type parasites, but stretches to reach a length positioned below the nucleus of TgBDCP-depleted 2.6 | Conditional ablation of TgVps8 disrupts protein trafficking of dense granules, rhoptries, a subset of micronemes, and VAC
We then examined the phenotypic consequences of TgVps8 loss on the subcellular localizations of different secretory organelle markers.
In ATc-induced Tgvps8i mutants, the dense granules GRA3, GRA16, and GRA24 proteins were abnormally sorted into the host cytoplasm (black asterisk) as compared with their localization with the PV space in the control strain (Figures 6a and S8a) . Similarly, in TgVps8-depleted parasites, the pro-rhoptry marker pro-ROP4, ROP13, ROP1, and TgVps8-depleted parasites, we noticed a widely diffuse CPL staining that could indicate morphological changes in the VAC compartment.
This characteristic was present in 80% of the mutant parasites treated in the presence of ATc (Figure 7b ).
| TgVps8 silencing abolishes host cell infection by T. gondii
To scrutinise the effect of TgVps8 depletion on specific stages of the lytic cycle, we investigated invasion, gliding motility, replication, and egress of parasites. TgVps8-depleted parasites were drastically impaired in invasion, with 0% capacity to invade as compared with control strain (Figure 7c ). Moreover, TgVps8-depleted parasites were (interacts with TgRab5a), TgVps35 (a member of the retromer complex), TgASP3 (associates with the endosomal system), and also TgCK3L (mediates phosphorylation of the HOPS subunit Vps41 in yeast) were generated ( Figure S1a,c) . We also transiently expressed an additional DD-Myc-tagged copy of each Rab for the Rab-GTPases TgRab7, TgRab5A, TgRab5B, and TgRab5C. In the presence of TgVps8, all these proteins displayed a patchy or a Golgi endosomallike staining near the apical area of the nucleus (Figures 8a and S9 ).
Interestingly, upon treatment with ATc, the apically defined localizations to nuclei of TgVps11, TgVps39, TgVps18, TgCHC, TgASP3, and
TgCK3L were partially or completely abolished (Figure 8a) . Instead, only a cytoplasmic signal (TgVps11, TgVps39, TgVps18, and TgCK3L) FIGURE 6 TgVps8 is required for the transport of dense granules and micronemal and rhoptry proteins. (a) Immunofluorescence analysis of TATi1-ku80ko or vps8i parasites grown in the presence of ATc for 3 days. GRA3, pro-ROP4, pro-MIC3, MIC3, and MIC6 proteins were stained with the indicated antibodies. ROP13-HA 3 and MIC8-HA 3 proteins were visualised using anti-HA antibodies. The dense granule 3 (GRA3) protein, the premature rhoptry protein (pro-ROP4), the rhoptry bulb protein (ROP13), the premature micronemal protein (pro-MIC3), and several microneme proteins including MIC3, MIC8, and MIC6 were mistargeted to different locations in TgVps8-depleted parasites. Mislocalizations (host cell cytoplasm or residual body) are indicated by different coloured asterisks. In TgVps8-depleted parasites, MIC8 associates to the pellicle, and MIC6 accumulates at the apex. As expected, all studied proteins were correctly localized in TATi1-ku80ko wild-type parasites treated with ATc. Scale bars represent 2 μm. (b) A model that summarises the functions of TgBDCP in the biogenesis of parasite LROs and TgVps8 in the transport of proteins to different secretory organelles. Our results indicate a role of TgBDCP in maintaining the integrity of rhoptries and VAC. TgVps8 plays a more vital role in transporting proteins to dense granules, rhoptries, lateral micronemes, and towards a subcompartment of pro-micronemes. In contrast, routing of pro-M2AP to pre-micronemes and MIC2, MIC6, and AMA1 to apical micronemes are not affected. Finally, TgVps8 seems to be involved in the biogenesis of VAC Quantification of intact or dispersed CPL staining in the parental (TATi1-ku80ko) and inducible knock-down TgVps8 cell lines treated with ATc for 48 hr. Data are mean values ± standard deviation (SD) for three independent experiments. All assays described here were performed with TATi1-ku80ko and vps8i grown for 72 hr ± ATc. (c) Invasion assay performed on TATi1-ku80ko or vps8i strains ± ATc. The percentage of parasites that have invaded host cells at Day 3 is represented. Values represent means ± SD from three independent experiments. (d) Gliding motility was assessed after growing parasites for a total of 72 hr + ATc. Parasites were added to poly-L-lysinepretreated coverslips, and trails were visualised using anti-SAG1 antibodies. Scale bars represent 2 μm. (e) Microneme secretion assay was performed on wild-type (TATi1-ku80ko) and Tgvps8i lines treated with ATc for 3 days. TgVps8-depleted parasites are not able to secrete their micronemes as indicated by the absence of signal when excreted secreted antigen (micronemes) was probed for MIC2 micronemal protein. Secreted MIC2s are detected at around~85 kDa. Microneme secretion was triggered in the presence of propranolol (500 mM). Dense granule protein 3 (GRA3) was used as control for constitutive secretion. MIC2s: secreted. (f) Intracellular growth assay was carried out after 72 hr of parasite growth ± ATc. IFA was performed with anti-GAP45 antibodies, and the number of parasites per vacuole was counted. Values represent means ± SD from three independent experiments. (g) Egress assay was performed by growing parasites for 72 hr ± ATc. Egress was induced upon addition of 3 μM A23187, and DMSO was used as a negative control. The data shown are mean values ± SD from three independent experiments or a residual body labelling (TgASP3, white asterisk) or fragmented staining (TgCHC) of these proteins was observed in the absence of TgVps8 (Figure 8a ). The defined labelling for TgAP1, TgMon1, TgRab5A, TgRab5B, and TgRab5C, TgRab7, TgVps9, and TgVps35 was maintained ( Figure S9 ). Taken together, these data suggest that TgVps8 protein interacts with some proteins found in the CORVET/ HOPS complexes and may maintain the integrity of the trans-Golgi network associated to the clathrin heavy chain (CHC) protein. , 2015) . Our inability to identify in silico the specific subunits of CORVET prompted us to perform a proteomic study using Vps11, a common member of CORVET and HOPS, as bait to solve the enigma related to the absence of CORVET complex in
Toxoplasma. Using parasites harbouring TgVps11-GFP and pull-down FIGURE 8 (a) TgVps8 dictates the correct targeting of Toxoplasma Vps11, Vps39, Vps18, CHC, ASP3, and CK3L proteins. Immunofluorescence assays (IFAs) of Vps11-HA 3 , Vps39-HA 3 , Vps18-HA 3 , CHC-GFP, ASP3-HA 3 , and CK3L-GFP in intracellular vps8i parasites grown without or in the presence of ATc for 3 days. Vps11 and Vps39 and Vps18 or CHC or ASP3 or CK3L were detected using either anti-HA or anti-GFP antibodies, respectively. Anti-GAP45 antibodies were used to stain the pellicle of parasites. Scale bars represent 2 μm. (b) A putative model showing the different subunits that constitute the CORVET and HOPS complexes in Toxoplasma. Mass spectrometry analysis allowed us to identify the Vps8 subunit that we were missing (Morlon-Guyot et al., 2015) . The presence or absence of Vps3 remains a mystery, but a comparative analysis based on sequence homology allowed us to identify a homologue of TGFBRAP1 in Toxoplasma. This latter protein associates with CORVET in mammalian cells and replaces Vps39 (van der Kant et al., 2015) . Interestingly, this study has unveiled two new proteins that may be part of the CORVET complex called Vps9-DCP and BDCP. Our results demonstrated a convincing colocalization between BDCP and Rab5B suggesting that BDCP is likely to belong to CORVET. However, we cannot rule out that the BDCP protein transiently associates with the HOPS complex to perform its function related to the biogenesis of the VAC compartment and mature rhoptries. Concerning proteins that contain a Vps9 domain, they are known to mediate the association and dissociation of Rab5 from membranes. Thus, these analyses may suggest an atypical organisation of the CORVET complex in Toxoplasma. Finally, the HOPS complex of the parasite Toxoplasma seems to resemble the structure of the same complex described in yeast (Balderhaar & Ungermann, 2013; Brocker et al., 2012) analyses, we uncovered both several canonical components of CORVET/HOPS complexes and also uncharacterized proteins that are conserved in eukaryotes or unique to apicomplexans (Table 1) cargoes that confer them unique properties (Raposo, Marks, & Cutler, 2007) . LROs are accessible to endocytic traffic, their contents are derived from the endosomal system, and they contain lysosomal proteins such as proteases and a low luminal pH (Raposo et al., 2007) .
Like other LROs, rhoptries and VAC are formed via endosomal trafficking and contain proteases, and their respective lumens are probably acidic (Dou, Coppens, & Carruthers, 2013; Hajagos et al., 2012; Lentini et al., 2017; Miller et al., 2003; Morlon-Guyot et al., 2015; Shaw, Roos, & Tilney, 1998) . Interestingly, we demonstrate Further investigations are now required to address this hypothesis in more details.
The VAC compartment seems to be enlarged in the absence of
TgVps8. This might be due to an accumulation of undigested material within the VAC compartment that results from lack of VAC acidification and/or a deficiency in membrane recycling. In yeast, a role of Vps8 in vacuole acidification has been proposed (Horazdovsky, Cowles, Mustol, Holmes, & Emr, 1996) . Vps8 is assigned to the class D vps mutant group because cells that completely lack Vps8 exhibit a single enlarged vacuole that is not properly acidified. In the same line, cells deficient in Vps3 (the other subunit specific to CORVET)
were unable to generate a pH gradient across the vacuolar membrane, and they failed to assemble peripheral membrane subunits of the V-ATPase onto the cytoplasmic surface of the vacuole (Raymond, Howald-Stevenson, Vater, & Stevens, 1992) .
Furthermore, we demonstrated that the endosomal accumulation of other subunits that are HOPS specific (Vps39), common to CORVET and HOPS (Vps18 and Vps11), or interacting with HOPS (CHC and CK3L) is severely compromised in Tgvps8 mutants.
Consistent with this, it has been shown that Vps8 binds through both the RING domain and a disordered C-terminus to both Vps18 and Vps11 subunits (Hunter et al., 2017) . Our hypothesis is that TgVps8, in addition to acting as a sorting factor for ROP/MIC proteins, delivers proteases (such as ASP3), which are involved in the processing of pro-proteins, to secretory organelles. Finally, in TgVps8-depleted cells, the atypical distribution of the CHC is not surprising because an interaction between the HOPS complex and the clathrin/AP-3 complexes has been previously described (Zlatic, Tornieri, L'Hernault, & Faundez, 2011) . Despite the demonstration of a direct interaction between
Vps8 and Rab5, we did not notice a modification in the localizations of the three Rab5s of the parasite (Rab5A, Rab5B, and Rab5C) (Markgraf et al., 2009 ). Consistently, CORVET localization requires the Rab5 homologues Vps21 and Ypt52, whereas Rab5 localization is caspase dependent Torres, Mielgo, Barila, Anderson, & Stupack, 2008) .
We failed to identify CORVET/HOPS accessory proteins such as Rab-GTPases, GEF, and SNAREs in the immunoprecipitates of T. gondii using Vps11 as a bait. This observation suggests that additional pulldown experiments may be required using other subunits such as Vps8, Vps41, Vps39, and Vps33 as an alternative solution to identify the missing members of CORVET and HOPS complexes in Toxoplasma.
In addition, our proteomic analysis revealed the absence of the CORVET-specific subunit Vps3. Interestingly, BlastP analysis revealed that TGFBRAP1 is present in T. gondii genome and appears to be essential according to the negative score attributed to this protein (Sidik et al., 2016) . with chloramphenicol for CAT selection (Kim, Soldati, & Boothroyd, 1993) , pyrimethamine for DHFR-TS selection (Donald & Roos, 1993) , 1 μM Shld-1 for DD fusion stabilisation (Herm-Gotz et al., 2007) , and ATc at 1.5 μg/ml for the inducible system (Meissner et al., 2001 ).
| Toxoplasma vectors and generation of transgenic T. gondii parasites
Primers used in this study are listed in Table S2 . ,216-, 1,171-, 1,119-, 1,045-, 989-, 1,182-, 881-, 1,063-, 1,197-, 1,302-, 1,481-, 1,306-, 1,246-, 1,574-, 1,193-, 1,201-, and 1,184-bp fragment corresponding to the 3′ of TgVps11, TgBDCP, TgVps8, TgAP1, TgCHC, TgGRA16, TgGRA24, TgROP13, TgM2AP, TgMON1, TgVps9, TgVps35, TgVps18, TgVps39, TgMIC8, TgASP3, and TgCK3L, respectively, was amplified from genomic DNA using primers listed in Table S2 and cloned into LIC-CAT-GFP or LIC-DHFR-HA 3 or LIC-CAT-HA 3 vectors ).
Forty micrograms of these plasmids was digested by the restriction enzymes cited in Figure S1 and then transfected in the RH-ku80ko or bdcpi or vps8i strains and was subjected to chloramphenicol or pyrimethamine selections. 
| Protein detection by western blot
To detect BDCP-HA 3 , BDCPi-HA 3 , BDCP-GFP, Vps8-HA 3 , Vps8i-HA 3 , Vps8-GFP, GFP, Vps11-HA 3 , or MIC2 or ROP5, PRF, and GRA3 proteins, parasite lysates or eluted proteins were separated on 3-8%, 10%, or 12% acrylamide gels depending on their size prior to detection. Upon transfer to nitrocellulose membranes, the blots were probed with appropriate antibodies in 5% nonfat milk powder in TNT buffer (50 mM Tris pH 8; 150 mM NaCl; and 0.05% Tween-20; EUROMEDEX). The primary antibodies used and their respective dilutions were rat anti-HA (Roche) at 1/300, rabbit anti-GFP (Abcam) at 1/1,000, mouse anti-ROP5 at 1/100, rabbit anti-PRF at 1/1,000, mouse anti-MIC2 at 1/100, and mouse anti-GRA3 at 1/1,000. Bound secondary conjugated antibodies were visualised either using the ECL system (Amersham Corp.) or using alkaline phosphatase kit according to manufacturer's instructions (Promega). anti-AMA1 1:1,000 (Lamarque et al., 2014) , anti-GRA3 1:500 (Achbarou, Mercereau-Puijalon, Sadak, et al., 1991) , anti-CPL 1:500 (Larson et al., 2009 ), anti-proM2AP 1:400 (kindly provided by Dr Vern Carruthers), anti-proROP4 1:100 (kindly provided by Dr Gary Ward), anti-MIC2 1:400 (Achbarou, Mercereau-Puijalon, Autheman, et al., 1991) , anti-RON2 1:500 (Besteiro, Michelin, Poncet, Dubremetz, & Lebrun, 2009 ), anti-GAP45 1:2,000 (Frenal et al., 2010) , anti-GAMA 1:500 (Huynh & Carruthers, 2016) , anti-MIC5 1:500 (Brydges et al., 2006) , anti-MIC6 1:1,000 (Reiss et al., 2001 ), anti-MIC10 1:500 (Hoane et al., 2003) , anti-PLP1 1:500 (Kafsack et al., 2009 ), anti-MIC1 1:500 (Reiss et al., 2001 ), anti-MIC4 1:1,000 (Reiss et al., 2001 ), anti-SUB1 1:500 (Miller, Binder, Blackman, Carruthers, & Kim, 2001) , and anti-ARO 1:1,000 (Mueller et al., 2013) , followed by goat anti-rabbit or goat anti-mouse or goat anti-rat immunoglobulin G con- 
| Fluorescent staining of cells

| Plaque assay
Fresh monolayers of HFF on circular coverslips were infected with parasites in the presence or absence of 1.5 μg/ml ATc for 7 days.
Fixation, staining, and visualisation were performed as previously described (Daher, Plattner, Carlier, & Soldati-Favre, 2010 
| Invasion assays
Parasites were treated in total for 72 hr with or without 1.5 μg/ml ATc and collected promptly after egress. For invasion assays, 5 × 10 6 freshly released tachyzoites were sedimented on confluent cells at 4°C for 30 min on ice and warmed up for invasion during 5 min at 38.5°C. Invasion was stopped by fixation in 4% PAF, and parasites were further processed for IFA. Prior to triton permeabilisation, extracellular parasites were labelled with anti-SAG1 antibodies, whereas following permeabilisation, intracellular parasites were stained with anti-ROP1 antibodies that labelled the nascent PV (Lebrun et al., 2005) . Data are mean values ± SD from three independent biological experiments. For each condition, 300 parasites were observed.
| Egress assay
Parasites were pretreated for 39 hr with or without 1.5 μg/ml ATc collected promptly after egress and inoculated onto new HFF monolayers in the presence of ATc during 33 hr. After 33 hr of intracellular growth, media were changed and incubated for 5 min at 37°C with Dulbecco's modified Eagle's medium containing 0.06% of DMSO or 3 μM of the Ca 2+ ionophore A23187 (from Streptomyces chartreusensis, Calbiochem 100105) as previously described (Daher et al., 2010) . Data are mean values ± SD from three independent biological experiments. For each condition, 300 parasites were observed.
| Gliding motility assay
Parasites were treated in total for 72 hr with or without 1.5 μg/ml ATc and collected promptly after egress. Freshly released tachyzoites were collected by centrifugation, resuspended in 100 μl, and deposited onto poly-L-lysine-coated coverslips (1 mg/ml, 2 hr at room temperature) in a wet environment for 15 min at 37°C. Parasites were fixed with PAF/GA, and IFA using the anti-SAG1 antibody was performed to visualise the trails.
| Ethics statement and in vivo experiments
All mice protocols were approved by the Institutional Animal Care 
| Identification of TgVps11 partners
Freshly released tachyzoites (around 10 9 freshly egressed parasites)
were harvested, washed in PBS, and lysed in RIPA buffer (50 mM Tris HCl pH 7.4, 1% NP40, 76 mM NaCl, 2 mM EGTA, 10% glycerol, and protease inhibitor cocktail [Roche] ) and incubated on ice for 20 min.
After centrifugation at 14,000 rpm during 45 min at 4°C, the supernatants were subjected to immunoprecipitation using anti-GFP lama antibodies (GFP-Trap Agarose Beads from ChromoTek). 
| Microneme secretion assay
Freshly egressed parasites were resuspended in equal volume of intracellular buffer (5 mM NaCl, 142 mM KCl, 1 mM MgCl 2 , 2 mM EGTA, 5.6 mM glucose, and 25 mM HEPES, pH 7.2) prior to pelleting
(1,050 rpm/10 min). Pellets were subsequently washed in intracellular buffer and re-pelleted before resuspension in serum-free medium and 500 mM propranolol (37°C/30 min). Parasites were pelleted
(1,000 × g/5 min/4°C), and supernatant was transferred to new
Eppendorf tubes and re-pelleted (2,000 × g/5 min/4°C). Final supernatant (excreted secreted antigens) was resuspended in sample buffer (50 mM Tris-HCl [pH 6.8], 10% glycerol, 2 mM EDTA, 2% SDS, 0.05% bromophenol blue, and 100 mM DTT) and boiled prior to analysis by immunoblotting using anti-MIC2 and anti-GRA3 antibodies.
| Analysis of CPL labelling and ARO length staining
Wild-type (TATi1-ku80ko), bdcpi, and vps8i parasites were treated with 1.5 μg/ml ATc for 2 and 3 days, respectively. Freshly lysed parasites were added to HFF cells, allowed to settle for 15 min at room temperature, and then incubated at 37°C for 1 hr for invasion.
Non-invaded parasites were washed away with PBS. Infected HFF cells were fixed with 4% paraformaldehyde and stained with rabbit anti-TgCPL antibodies. Images were captured with a Zeiss Axio-imager epifluorescence microscope equipped with a Zeiss AxioCam MRm camera. The intact or dispersed CPL staining was quantified using Zeiss Axiovision software.
For ARO staining, images were acquired by focusing on the ARO signal in the maximum number of parasites within a field of view and captured on a Zeiss Axio-imager epifluorescence microscope equipped with a ×100 oil objective and an AxioCAM MRm camera and processed using Zeiss Axiovision software. ARO length staining measurements were only performed on rhoptries that were within focus using ImageJ program. Equal parameters for the capture and enumeration of images were consistently applied to all samples.
Hundreds of ARO labelling (potentially representing the surface of rhoptries) per condition were analysed before plotting the graph presented in Figure 4b .
| Electron microscopy
Infected HFF monolayers on coverslips were fixed for 4 hr at room temperature with 2.5% glutaraldehyde (EMS) in 0.1 M phosphate buffer pH 7.2, washed in buffer, and postfixed for 1 hr in 1% OsO4, washed in water, and stained overnight in 2% uranylacetate.
Coverslips were then dehydrated in ethanol series and embedded in Epon (Embed 812, EMS). Ultrathin sections were prepared with a
Leica ultracut E microtome, contrasted with 2% uranylacetate in ethanol and lead citrate, and observed with a JEOL 1200E electron microscope.
| Statistics
P values were calculated in Excel using the Student's t test assuming equal variance, unpaired samples, and using two-tailed distribution.
Means and SD were also calculated in Excel.
